MINUTES

ADAQ 66569

DOG FiLe copy

EL TROPICANO MOTOR HOTEL
SAN ANTONIO, TEXAS

12-14 SEPTEMBER 1978

SPONSORED BY
DEPARTMENT OF DEFENSE EXPLOSIVES SAFETY BOARD

ALEXANDRIA, VA

DECENS v

9 U3 ~vY




APPRO

Department ©

o BRI T T I

INUTES OF THE | S
e S

M
=

IGHTEENTH EXPLOSIVES ;AFETY éﬁMlNAR .

E
-

Volume II ,

Hcﬁ.( J “?’/f'
E! Tropicano Motor Hotel

k 1

San Antonio, Texas »

pree s §Zz—__,__"’ /?7/.}

Sponsored by

f Defense Explosives safety Board

Alexandria, Virginia

. & asp

Jy Ses 7/ ?
(

VED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

O o

R




SESSION - RISK ANALYSIS & PREDICTION |
Moderator - Mr. John Atkins

TABLE OF CONTENTS

VOLUME 11

DATA FOR RISK ASSESSMENT OF ACCIDENTAL EXPLOSIONS IN PROPELLANT
GROUND HANDLING AND TRANSPORT SYSTEMS. ...ieceeeassoesnesansaassess 927
Mr. Van B. Parr and Ms. Patricia K. Moseley

WORKBOOK FOR ESTIMATING EFFECTS OF ACCIDENTAL EXPLOSIONS IN

PROPELLANT GROUND HANDLING AND TRANSPORT SYSTEMS....... Wradeegass 958
W.E. Baker, J.J. Kulesz, R.E. Ricker, P.S. Westine, V.B. Parr,

L.M. Vargas, and P.K. Moseley

SPECIAL CONSIDERATIONS FOR SPACE TRANSPORTATION SYSTEMS PROCESSING
AT KENNEDY SPACE CENTER. ... vveveansssosanssssssns aie ope is aed sad e R Aer 989
Mr. John R. Atkins

SESSION - FIRES AND EXPLOSIONS
Moderator - Mr. Ray Myers

RADFORD ARMY AMMUNITION PLANT NITROGLYCERIN EXPLOSION.....eevs.... 1003
LTC Thurman Watts, USA

THE ACCIDENT WHICH OCCURRED AT THE PONT-DE-BUIS GUN-POWDER FACTORY
ON 7THAUGUST 1975........................l...ll...llll'l..llll.l. 1089
Mr. Jean Quinchon

EXPLOSIVE INCIDENT DURING DEMOLITION GROUND OPERATIONS............ 1097
Mr. Melvin R. Bailey

SESSION ~ DESIGN OF STRUCTURES FOR EXPLOSIVES FACILITIES
Moderator ~ Dr. W. E. Baker

SIMPLIFIED APPROACH FOR DESIGN OF BUILDINGS CONTAINING ACCIDENTAL
EXPLosIONSIIIOO.ll....l.....l...ll.l...........ll......ll.‘....l.' llos
Mr. Washington T. Char

OPTIMIZATION OF REINFORCED CONCRETE SLABS. . eettteessesssessssssss 1149
Mr. J. M. Ferritto

FEASIBILITY OF USING FIBERGLASS REINFORCED PLASTIC (FRP) BUILDINGS

FOR AMMUNITION PLANTS........ b0 BO0E S5 T el oXae o0 o s0)(e s 70 (s 8o 0w wa1 w1001 BULE6T
Mr. Charles C. Huang

iii




N

SESSION - RISK ANALYSIS AND PREDICTION 11
Moderator - Mr. John Atkins

THE DIVISION'S APPROACH TO RISK ANALYSIS IN PRODUCTION AND
STORAGE OF EXPLOSIVES......... oxo) o o\ohis 1, o8 o TR R RN RN ek, S ReIEs s fis. ARG, Bachis
Mr. Magne Solheim

HOW MUCH SHOULD WE BE WILLING TO FAY FOR EXPLOSIVES SAFETY?.......
Mr. Thomas Schneider

SESSION - FIRING RANGE AND EXPLOSIVES DETECTION SAFETY
Moderator - Mr., Edmund Demberg

HANGFIRE PROTECTION AND CONTAINMENT.......... A ol Hiokdlo o do dio 0 Al I
Messrs. John Gaye and Bob Laurent

DANGEROUS LEAD-IN-AIR CONTENT FRODUCED IN INDOOR SHOOTING RANGES..
CPT P. R. Sulik, USAF

SAFETY ASPECTS OF TAGGING EXPLOSIVES FUOR POST-DETONATION
MDENTHBIGATION S igers ) eotsxerls oxe s aRatslslslsle ol s s [ofeNel oo ks e fale s ol s olle ASRSE 0000 000K
Dr. Carl Boyars

DDESB R&L MIGHLIGHTS

FRAGMENT HAZARD INVESTIGATION PROGRAM. .tv .ot eeesnsnsoonsanannsnnnes
Messrs. R.T. Ramsey, J.G. Powell, Jr., and W.D. Smith, III

ESKIMO TEST RESULTS AND PLANS. ¢ vttt eteeeessanssensssonassasosssnsse
Dr. T. A. Zaker

SESSION - CHEMICAL MUNITIONS DEMILITARIZATION AND HAZARD PREDICTION
Moderator - Mr. Lawrence Smith

ADVANCES [N THE DETECTION AND ANALYSIS OF CHEMICAL AGENTS.........
Mr. Leslie Eng

A SIMPLIFIED METHODOLOGY FOR COMPUTING CHEMICAL HAZARD DISTANCES..
Mr. C. Glenvil Whitacre

THE CUTTING OF M-55 CHEMICAL ROCKETS WITH A DKW (0o LASER.........
Mr. Ona R. Lyman

THE ROLE CF THE SAFETY MANAGER IN SUPPORT OF CHEMICAL
CeMILITARIZATION PROGRAMS . i i v e cneensseossvessassssssssnasasnssas
Mr. Lawrence Smith

iv

e - R

1249

1267

1273

1291

1317

1325

1337

1365

1379

s
RS-

o A

i




G

G

SESSION - HAZARDS CONTROL IN EXPLOSIVE" OPERATIONS |
Moderator - Mr. Pete Rutledge

AN EVALUATION OF DRYING SYSTEMS FOR EXPLOSIVES. ... :eeveesanas
Messrs. E.P. Bergmann, Alan Hartman, and A. B. Wenzel

SYSTEM SAFETY FROGRAM FOR MODERNIZATION AND EXPANWSION PROEJCTS....

Mr. Joseph R. Drugmand

REMOTE~CONTROLLED NITRATOR FACILITY WITH MULTI-PRODUCT CAPABILITY.

M.C. Hudson, P.R. Mosher, and W.A. Carr

SESSION - SHIPBOARD EXPLOSIVES SAFETY
Moderator - Mr. Catesby P. Jones

THE NAVY'S CXPLOSIVE SAFETY IMPROVEMENT PROGRAM FOR PIER SIDE

MUNITIONS OPERATIONS. . ceoaeessesseocsssnsossssssnsssssosonssns

Mr. Joseph Petes

A MODEL AND METHODS FOR CONTROL OF SYMPATHETIC DETONATION...
Mr. F. B. Porzel

SIMULATED TOMAHAWK MISSILE HANDLING ARC TEST RESULTS. ...evee.
Mr. J. M. Ward

NAVY REQUIREMENTS FOR COMBAT SURVIVABLE PROPELLANTS AND EXPLOSIVES.

Dr. June T. Amlie

SESSION - EXPLOSION PROPAGATION TESTS AND RELATED SAFETY
Moderator - Mr. E. C. Teichmann

DETERMINATION OF SAFE SEPARATION DISTANCES FOR EXPLOSIVES AND
PROPELLANTS Ill SELECTED MANUFACTURING OPERATIONS....0eevaanss
Messrs. J.W. Gehring, A.B. Wenzel, J. Friesenhahn, & W.0. Sea

HAZARD CLASSIFICATION TEST OF COMPLETE ROUND 155mm PALLETS...
Mr. Harry J. Reeves

EXPLOSIVE SAFETY TESTS OF PERSONAL PROTECTIVE EQUIPMENT......
Mr. Glenn C. Pritchard

SESSION - HAZARDS CONTROL IN EXPLOSIVES OPERATIONS 11
Moderator - Mr. Pete Rutledge

MANUFACTURE OF EXPLOSIVES EXTRUDED PRODUCTS. e veveccossssnsns
Mr. Robert A. Lee

FLUIDENERGYMILLINGOF”MX...OO..............O..l............

Mr. Walter J. Moodie

1s

1389

1409

1449

1461

1479

1561

1605

1617

1637

1677

iy

T T

- U -




ENVIRONMENTAL EFFECTS ON ELECTROSTATIC SENSITIVITY OF ENERGETIC g‘“’
mmIAw......................................................... 1691
Messrs. L.D. Haws, L.W. Collins, and A. Gibson

SESSION - SUPPRESSION OF FRAGMENTS AND BLAST
Moderator - Mr. R. Vi:ali

SHIELDING OF FACILITIES FOR WORK WITH PYROTECHNIC AND EXPLOSIVE

MRIAw-aooccoocooo.ooo.aooooooo.aoo.aoooooaooooooo

Dr. David J. Katsanis

voecaydomgine L1083

SUPPRESSION OF FRAGMENT DAMAGE BY MEANS OF FRAGIBLE SURROJNDS..... 1751
Messrs. J.E. Backofen, Jr., L.J. Wolfson, and J.D. Shock

SHIELDS FOR DECELERATING MUNITIONS FRAGMENTS..

Mr. Joseph G. Connor, Jr.

9000000000000 00000 1769

CATASTROPHIC REACTION COF COMPARTMENTALIZED AMMUNITION - CAUSES
MDPREVENTIVE’WASURESC.....‘...'...."....................C’..... 1795

Dr. P. M, Howe and Dr. R. B. Frey

DESIGNING NUCLEAR PLANTS TO WITHSTAND PULSE AND IMPACT TOADS...... 1809

Mr. Alexander L. Florence

LIST OF ATTENDEES.......covevunnns O 50000007

vi

veieeenes 1865 L




DATA FOR RISK ASSESSMENT OF ACCIDENTAL EXPLOSIONS
IN PROPELLANT GROUND HANDLING AND TRANSPORT SYSTEMS

P A a7 et
L~

BY

VAN B. Parr aAND FATRICIA K, MoseLey

SOU HWEST RESEARCH INSTITUTE
SAN ANTONIO, TEXAS

Work Pr.RFORMED FOR NASA Lewis ReseArRcH CENTER
ConTRACT No. NAS3-20497
CR-3023

927

o it % oA ok b g s 0




Data for Risk Assessment of Accidental Explosions
in Propellant Ground Handling and Transport Systems

Van B. Parr and Patricia K. Moseley
Southwest Research Institute
T —— San Antonio, Texas

ABSTRACT

This paper presents the results of statistical analyses of
data on twenty-five events of explosions in propellant ground handling
and transport systems. These results are taken from a soon-to-be
published NASA report entitled $orkbook for Estimating Effects of .
Accidental Explosions in Propellant Ground Handling and Transport
Systems,? which was prepared for NASA Lewis Research Center by
i Southwest Research Institute,under-contract number NAS3-=20497,

Estimates of distributions of parameters and relationships )

between parameters which are useful in risk assessment are presented.

Results include fragment weight distribution, mean fragment weight as

a function of normalized yield, correlation between fragment range

and fragment weight, correlation of fragment range to the ratio or

mean f-agment weight to vessel weight for cylindrical tanks, and

correlation of fragment velocity to the ratio of energy to vessel

weight. Tables of the data and graphs of the resultant distributions

are included in the paper to support final conclusions.lmv
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1.0 INTRODUCTION

The material presented herein represents a portion of the
results of a study which Southwest Research Institute performed for
NASA Lewis Research Center under contract numder NAS3-20497. The com-

plete results are being published bv NASA Lewis in workbook form.c. A
companion paver in this seminar describes the content of the workbook

more completely.

From the material presented in this paper and the companion
paper, one should be able to make predictions of blast and fragment
characteristics and effects for a range of possible explosion

accidents in ground systems,

Fcr convenience, all figures and tables follow the text.

2.0 ACCIDENT DATA

A literature search was conducted in which accident reports
and other available, related data sources were reviewed for information
on characteristics of fragments and pressure waves of bursting
thick-wall, compressed fluid storage and transportation vessels,
Fluids and gases considered in the survey were propane, anhydrous
ammonia, oxygen, argon, air and propylene., Organizations arnd
contractors contributing sources included the National Transportation
Safety Board, Naval Surface Weapons Center, NASA Langley Research
Center, Department of Transportation, National Technical Information
Service and Ballistic Research Laboratory. Also, an incident which
occurred in San Antonio, Texas during the accumulation of data, in
which a propane storage tank cxploded, was investigated for information
on energy release, Data obtained from this literature were organized
in a logical manner for the subsequent analysis. Records of the
data include the reference and date of the explosion; the quantity

929
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of the explosion source; the estimated energy release; the shape,
volume, veight, material and dimensicns of the container vessel; the

number of fragmwents; the weights, ranges, trajectory elevatious
(1f given) drag coefficients and shapes of the fragments; and any
additional pertinent information, Each vessel was assigned an
identifying number., Twenty-five vessel explosions form the data
base, An example of these data are given in Tables 1 and 2,

Due tco the limited amount of data on most of the events,
it was desirable to group the data from like events in order to
yield an adequate base for meaningful statlstical analysis. From
the data on the twenty-five events, the six groups of like events
shown in Table 3 were obtained. Statistical analyses were performed
on data from each of the groups to yield (as the data permitted)
estimates of fragment range distribution, fragment weight distribution
and fragment mean velocity as a function of the ratio of explosion
energy to vessel weight, Other relationships were also investigated

and the results are given in the following paragraphs,

3,0 FRAGMENT RANGE DISTRIBUTIONS

The fragment range data for each of the six event groups
(see Table 3) were sorted in ascending order. For event groups 1,
2, 3, 4 and 6, the values for the range for the 10th to the 90th
percentile in 10% steps were identified. For event group 5, the
values from the 14,3 percentile to the 85,7 percentile in 14,32
steps were identified, Table 4 is a listing of these values,

Figures 1 and 2 are plots of the percentile points on log
normal probability paper for events groups ) and 2,
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() A "W" statistic [see Hahn and Shapiro (1967)]}* for goodness of
fit was calculated for each of the distributions. The approximate
probability of obtaining the calculated test statieti:, given that the
chosen distribution is correct, waa then determined. The results are

;i shown in Table 5. As it is customary to consider probability values of
"W statistic exceeding 2 to 10X as adequate grounds for not rejecting
the hypothesis that the data belong to the chosen distribution, the fits

N S et e 3 S

RS

for the six event groups are more than adequate.

v

Figures 1 and 2 can be used to estimate the percentage of §
fragments which will have a range, R, equal to or less than a parti-

cular range.

B T e e L

For example, if we wished to estimate the percentage of
fragments which would have a range equal to or less than 600 m for
an explosion involving a rail tank car filled with propane (group 1),
we would refer to Figure 1, and on the range axis (abscissa) at 600 m

L T, R

{ , go upward to the intersection of the line. Then, at the intersection
point read the percentage value from the ordinate, which is 96Z.
Conversely, if we wanted to know what range 90Z of the fragments would
not exceed, we would enter the chart on the 90% line, go over to the

intersection of the line and read downward to the range axis the

value of 380 m.

e KA e & .

.

) 4.0 FRAGMENT WEIGHT DISTRIBUTIONS

Sufficient pertinent weight data were available only from
event groups 2, 3 and 6. Table 6 is a listing of the perceutiles of

4 these event groups.

Figure 3 is a plot of the percentile points on log normal .
probability paper for event group 2.

“i . *Hahn and Shapiro, Statistical Models in Engineering, John Wiley and
] ()  sous, Inc., New York, 197.
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Table 7 is a listing of the estimated means and standard
deviations for the log normal (to the base e) distributions.

The calculared "W" statistic along with the approximate
probability of obtaining the calculated test statistic, given that
the chosen distribution is correct, is presented for each of the three
eveint groups in Table 8. Since the probability values of the "W"
statistic are 10X or greater, the iits for the three event groups are

considered adequate.

Charts of this type can be used in the same manner as

Figures 1 and 2 are used for fragment range.
5.0 MEAN FRAGMENT WEIGHT AS A FUNCTION OF NORMALIZED YIELD

In events 21, 22 and 23, spherical containers were pressurized
until rupture, The spheres were constructed of steel with an approximate
ultimate stress (o,) of 834 Mega Pascals (MPa). The spheres were the
same volume for all three events. The wall thickness of the spheres was

the same within events, but was different across events.

Pertinent data and calculated parameters for each of the
spheres are given in Table 9, where W is the geometric mean frag-
ment weight for each event, W(T) is the sphere weight for each eveat,

Vv is the sphere volume, P is the average burst pressure for each event,

and Eo is the energy of detonation of 1 gram of INT or 4190 Joules (J).

Figure 4 is a plot of the normalized yiecld (ﬁV/Eo) versus
mean fragment weight (W) for the three events.. One could estimate the

mean (gecmetric) fragment weight for any decided ratio of l-’V/Eo
from 693 to "347,

The correlation coefficient, r, for the regression equation
shown on Figure 4 was 0,9999, which indicates a high degree of
correlation between ?V/Eo and W,
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6.0 CORRELATION BETWEEN FRAGMENT RANGE AND FRAGMENT WEIGHT WITHIN
EVENT GROUPS

Only three event groups (2, 3 and 6) contained sufficient
fragment range and weight data for correlation analysis. Various curve
fitting techniques were employed to determine if a predictable
relationship existed between fragment range and weight as indicated

by the data on the three events,

Figure 5 depicts the relationship of the fragment range to i
fragment weight for Group 2. The correlation coefficient is 0.79. |

Figure 6 shows the relationship of the fragment range to
fragment weight for Group 6. The correlation coefficient is 0.68.

7.0 CORRELATION ANALYSIS OF FRAGMENT RANGE TO THE RATIO OF MEAN
FRAGMENT WEIGHT TO VESSEL WEIGHT FOR CYLINDRICAL TANKS

Five events with cylindrical tanks contained sufficient
fragment weight information to determine the degree of correlation
of fragment range to the ratio of mean fragment weight to vessel

weight, It was necessary to group events 6 and 7 to have a sufficient

sample size,

Table 10 presents the data by event number, the ratio of
the arithmetic mean fragment weight (ﬁ) to the vessel weight (W(T)),
and the arithmetic mean fragment range (R). Figure 7 is a plot of
the points in Table 10 along with the prediction equation, The

sample correlation coefficient is 0.987.

From Figure 7, one could estimate the mean fragment range
for any decided ratio of mean fragment weight to vessel welght for

the types of tanks in the events,

N A B 1 s 1 e e oem




8.0 CORRELATION OF FRAGMENT VELOCITY TO THE RATIO OF ENERGY i )
TO VESSEL WEIGHT

Only in event group 5 were there reports of mean velocity
for fragments, Figure 8 is a plot of the relationship between the
mean fragment velocity and the ratio of the energy to vessel weight.
The velocities were chosen as the maximum velocity reported within |
an event for events 21, 22 and 23 (see Table 9). The correlation ;
coefficient for the regression equation is 0.93.

One could use Figure 8 to predict the average velocity for }
fragments from bursting steel spheres over a range of an energy to
vessel weight ratio of 4.5 x 107 to 6,05 x 107, However, the analytic ?
predictions for fragment velocity presented in the workbook are
more useful because they cover a much wider range of bursting vessel
conditions.

9.0 SUMMARY AND CONCLUSIONS )

Estimates of functions relating to fragment mass, velocity
and range have been derived from accidental explosions in propellant
ground handling and transport systems, These data may be used to
estimate the 2ffects of a poatulated event involving similar
transport systems. In addition, the analytical methods presented
in a companion paper may be used to complement the estimation of
effects of a postulated event,
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TABLE 4. Percentiles For Plotting Fragment Ranges
of the Six Event Groups

Event Group Nmeers*
Percent 1 2 3 4 5 6
10.0 20.00 15.24 | 22.35 | 32.00 15.24
14.3 168,27
’§ 20.0 40.00 19.81 | 40.64 | 51.51 17.68
- 28.6 202.69
30.0 60.96 27.43 | 54.19 | 60.65 25.20
40.0 91.44 30.48 | 66.38 | 76.02 28.35
42.9 220.07
50.0 161.00 :0.96 | 68.41 | 85.04 31.39
57.2 346.25
60.0 182.88 94.50 | 88.05 |136.86 41.76
70.0 182.88 | 133.40 }109.73 |164.59 58.83
71.5 423.37
80.0 228.60 | 167.64 |115.82 |238.96 119.79
85.8 512.06
90.0 487.68 | 335.28 |206.59 | 373.73 122.83

™ £
e g s .

*Range in Meters
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TABLE 5. Summary of "W'" Test on Normality
for Fragment Range Distributions

for Event Groups 1 Through 6
; Event Group No. Ty Probability

; 1 .964 .82

2 .951 .68

_ 3 .986 .98
1 { 4 .980 .95
i 5 .936 .57
[\ 6 .917 .28

As it is customary to consider probability values of the "W"
statistic exceeding 2 to 10% as adequate grounds for not rejecting
the hypothesic that the data belong to the chosen distribution,
the fits for the six event groups are more than adequate.
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*eight in kg.
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TABLE 6. Percentiles for Plotting Fragment Weights
of Event Groups 2, 3 and 6. ;
Event Group Numbers #
Percent 2 3 6 §
i
10 74.8 93.61 .0341 |
20 94.8 241.98 .967
30 220.0 399.28 .998 ;
40 350.0 1,039.52 1.00
50 1,180.0 1,080.29 1.22
60 3,183.0 | 1,281.78 9.30
70 7,470.0 1,439.81 52.23
80 12,200.0 1,935.88 104,46
90 19,098.0 2,020.84 171.38
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TABLE 10, Mean Range and Ratio of Mean Fragment
Weight to Vessel Weight for Cylindrical

Tanks
Event W/W(T) R
6, 7 0.664 179.83
18 0.242 110.30
19 0.100 £0.08
25 0.0612 39.20
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I. INTRODUCTION

This paper describes a companion workbook to an earlier NASA workbook
[Baker, et 811], NASA CR~-134906, which was prepared to aid designers
and safety engineers in predicting damage and hazards from accidental ex-
plosions involving liquid propellants and compressed gases in flight hard-
ware. The new book, 1n contrast, is devoted to blast and fragment hazards for
the same classes of accidental explosion sources in propellant ground handling and
transport systems. Prediction methods which were thoroughly covered in the
earlier workbook and which apply without change are not repeated. Instead,
explosion hazards peculiar to ground storage and transport systems, or

ranges of input parameters specific to these systems, are emphasized.

IT. NATURE OF THE HAZARDS

The general nature of the hazards from accidental explosions in pro-

pellant handling systems {s similar in many respects to ths hazards which
occur in such explosions in flight vehicles. These accidents cause damage
by air blast loading, fragment or appurtenance impact, radiation from fire-
balls, or fire from ignition of combustible materials following an ex~-
plosion. Damage can occur to buildings and other facilities, vehicles,

and flora and fauna--including humans. Depending on the severity, type

and location of explosion accident, the damage can range from minor to
extcnsive.

The sequences of events or causes of accidental explosions in ground
handling systems for liquid propellants and compressed gases can be quite
gimilar to those which can occur in flight vehicles, or can differ
markedly. Failure by material fatigue on overstreas can occur in either
case. But, many of the possible causes of flight vehicle explosions such
as loss of thrust during launch, guidance system failure, or rupture of
a bulkhead separating a fuel from an oxidizer, are inapplicable for ground
handling systems. Conversely, transportation accidents follcwed by ex-
plosions are causes which are absent in flight vehicle accidents.

Ground handling systems usually have much less serious weight con-
straints than do flight vehicles. This difference dictates some of the
differences in the nature nf the hazards. Oround systems can employ

relatively massive, ductile materials in pressure vessel and piping
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construction. On fallure, such vessels generate relatively few fragments

compared to similar feilures in flight-weight vessels. A failure of a )

long cylindrical vessel near one end can often result in most of the
vessel remaining intact, and "rocketing" as the internal compressed

fluid is ejected from the rupture. This mode of failure has never been
observed in flight-weight pressure vessels or tankage, which have less
ductility and instead break into a relatively large number of fragments.
Pressure vessels used in ground systems are often of much larger capacity
than flight systems. The total stored energy in compressed gases or
total chemical energy in stored fuels and/or oxidants can then be much
greater than for many flight systems.

There have unfortunately been many more accidental explosions
involving fuels and compressed fluids in ground handling than in flight
vehicles. There is a considerable body of accident report literature
[see, for example, Strehlow & Baker?s3]which highlight the
probable types of accident. These are (not necessarily in order of
probability):

1) Simple pressure vessel failure because of fatigue or flaw

growth. ' )

2) Vessel fa'liuve induced by impact during a transportation
accident.
3) Vess»l failure by overpressure because of overheating. This
often follows a derailment accident with railroad tank cars.
4) Fuel leakage followed by a vapor cloud explosion.
Blast and some type of fragment or massive body impact usually result
from the first three types of accident; the 'ast (ype causes primarily
a pressure wave and fireball; while the first three may or may not cause
fireball or fire depending on the fluid and circumstances in the accident.
Assessment of the magnitudes and the effecta of the blast and frag-
mente for ground system explosions is the topic of the new workbook.
[Baker, ¥ulesz, et al“],

111. CONTENTS OF THE WORKBOOK
From the material presented in the workbook, one should be able to

make predictions of blast and fragment characteristics and effects for a
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wide range of possible explosion accidents in ground systems. The body
of the workbook gives the prediction methods in the form of graphs,
equations, or tables. All detailed development and some computer pro-
grams are given in appendices. Given a number of accident scenarios,
the material should allow prediction of:
1) Explosive energy yleld or energy release
2) Characteristics of blast pressure waves generated by spherical
and non-spherical explosions.
3) Effects of pressure waves on certain classes of targets or for
blast loading conditions not covered in Baker, et all,
4) Characteristics of fragments generated by ground equipment
explosions. This includes massive vessel parts which "rocket".
5) Effects of fragment impact not covered in Baker, et all.
including effects of fragment revetments on blast waves.
The scope of the material is deliberately limited to avoid duplica-
tion with the previous workbook. Typical examples of prediction curves
and formulas available in the book, and some discussion of the procedures

uged to derive the curves, are now given.

Explosive Energy Release {Yield)

For compressed gas vessel bursts, an upper limit for total energy

release can be obtained by using the equation proposed by Brode®.

P; = Py
E= (-;';*:—i-) Vl (@)

where K is blast yield (energy), 12 is initial absolute pressure in the
vessel, P, is outside atmosphere absolute pressure, Y, is the ratio of
specific heats for the gas in the vessel, and V1 is the internal volume,
A slightly lower, but still conservative (high) estimate is based on

isentropic expansion from initial burat pressure to armospheric pressure
{Baker®, Rinkley 7).

This formula 1is:

P,V P E
- l1-(2) ™M (2)
Uy Py
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The equations given here for blast yield are based on the assumptions
that all of the energy which can drive a blast wave does so, depending only
on the energy release rate. For real situations, some energy must be ab-
sorbed by the vessel as it fractures, both in the fracturing process itself
and in accelerating the vessel pieces for fragments to their maximum
velocity. For failure of a compressed gas vessel, the energy absorbed
in the fracture process is negligiblz because the vessel is already stressed
to failure, But, the energy absorbed in accelerating vcssel fragments
can be significant, In experiments such as those of Esparza and Baker 8
and Boyer, et al? with pressurized glass spheres and Pittmanlo’ with
metal pressure vessels, the fragments were observed with high speed cameras
or other velocity measuring systems. In accidental vessel bursts, the
velocities of fragments can be estimated by methods presented in the work-
book. Knowing mean fragment velocity U and total mass M of the vessel,
one can then compute the kinetic energy of the vessel fragments.

£, = MU%/2 (3)

To obtair an estimate of effective blast yield Ee for gas vessel bursts,
one can then use either eq. (1) or (2) and subtract fragment kinetic
energy, i.e,,

Ee = E ~ Ek (4)

Many fluids are stored in vessels under sufficient pressure that
they remain essentially liquid at the vapor pressure corresponding to
the storage temperature for the particular liquid. Examples are the
fuels propane or butane which are normally stored at "room" temperature,
methane (LNG) which must be stored at cryogenic temperatures, and re-
frigerants such as ammonia or the Freons which are also stored at room
temperature. If a vessel containing such fluids fails, the resul:ing
sudden pressure release can cause expansion of vapor in ullage space
and partial flash evaporation of the liquid, and drive a blast wave into
the surrounding air.

958

- S e T




AR PRBTIO A—

e, BT g S

o

e

o B A T D R A 8 e s g,

Because the properties of flash-evaporating fluids differ markedly
from perfect gases, the methods for estimating blast yield for gas vessel
bursts are inapplicable. 1Instead, one must know the complete thermo-
dynamic properties of the fluid in the vessel as functions of state
variables such as pressure. specific volume, temperature, and entropy.

For any expansion process from state 1 to state 2, the specific

work done is defined as:
2
e-ul-uz-f p dv (5)
1

where u is internal energy, p is pressure, and v is specific volume, We
assume that an isentropic expansion process occurs after vessel burst. This
process is shown schematically in a p-v (pressure-volume) diagram in Figure 1,
and in a T~s (temperature-entropy) diagram in Figure 2. The cross-hatched
area in Figure 1 is the integral of equation (5), and therefore represents
the specific energy e. Also shown in the two figurer are the saturated
liquid and saturated vapor lines, which bound the wet vapor region. Para-
meters Pc and Tc are the critical pressure and critical temperature, res-
pectively. Whenever the expansion process occurs near or in the wet vapor
region, as is always true for flash-evaporating fluids, the functional
relationship between pressure and specific volume is quite complex and the
integral in equation (5) cannot be obtained analytically. But, fortunately,
there are tables of thermodynamic properties available for many fluids,

and the internal energy u or enthalpy h defined as:

h=u+pv (6)
are tabulated for the entire wet vapor region and the superheat region,
as functions of pressure and specific volume, or temperature and entropy.

Using thermodynamic tables, assuming isentropic expansion, and ob-

taining initial specific volume from:

v, = Vlln (7

vhere V, is vessel internal volume and m is total mass of fluid, one can

than compute E from
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Figure 1, P-v Diagram of Expansion
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Figure 2, T-g Diagram of Expansion
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E=mnm (u2 = ul). (8)

Some tables of thermodynamic properties for fluids which can be used
to estimate blast yields by the process just described are the ASHRAE
Handbook of Fundamentals®for refrigerants, Keenan, et all? for steam,
and Din !3 for a number of fluids including fuels such as propane and
ethylene,

The workbook contains some discussion of energy releases from vapor
cloud explosions, and notes that estimates of these fields can only be
very approximate with our current state of knowledge, An approximate
procedure for estimating vapor cloud explosion yields is suggested, and

a list of potentially dangerous fuels is given.

BLAST WAVE CHARACTERISTICS
New blast wave properties given in this workbook include results of

recent measurements around bursting frangible pressure spheres [Esparza and
Baker®»!“]and results of some two-dimensional computer code predictions

for the case of spherical pressure vessels separating into halves and
releasing compressed gas. A typical measured pressure wave for a bursting,
gas-filled sphere is shown in Figure 3, together with definitions of some
properties which are not usually reported. The distinctive characteristics
of this pressure-time trace are the pronounced negative phase compared to

the positive phase, and the strong second shock wave. By contrast,

wvaves from condensed explosives have much smaller negative phases and seldom

have a discernible second shock. The parameters indicated in Figure 3 are
defined as follows:

Pal first shock side-on overpressure

Is(+} positive phase impulse for first shock

Ts(+) duration of positive impulse for first shock

Is(-) negative phase impulse for first shock

T.(‘) duration of negative phase for first shock

P second rhock side-on’ overpressure.
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Figures 4 and 5 show how two of the more usual scaled parameters,
peak overpressure and positlve phase impulse, compare with scaled Pento-
lite data and with one~dimensional (spherical) code calculations. The
negative impulses are quite large for these bursts, as can be seen by
comparing Figure 6 to Figure 5.

The two-dimensional computer code predictions were distilled dowm
to graphs for scaled overpressure (Figure 7) and impulse (Figure 8)
along the dividing plane between the two vessel halves <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>